Culture independent methods first appeared in the food microbiology field at the end of the 90s and since then they have been applied extensively. These methods do not rely on cultivation and target nucleic acids (DNA and RNA) to identify and follow the changes that occur in the main populations present in a specific ecosystem. The method that has most often been used as a culture independent method in food microbiology is denaturing gradient gel electrophoresis (DGGE). The number of papers dealing with DGGE grew exponentially in the late nineties and, by analysing the studies available in the literature, it is possible to describe a trend in the subjects that have been investigated. DGGE was first used as a tool to monitor the ecology of fermented food, such as fermented sausage, cheese and sourdough, and later it also showed its potential in microbial spoilage process. In the last few years, the main application of DGGE has been to study fermented food from Asia, Africa and South America. The information collected using DGGE has made it possible to confirm the existing knowledge on food fermentation and spoilage. However, in some cases, new evidence that helps scientists to fully comprehend a specific microbial ecosystem has emerged. In this review, the roadmap of culture independent methods in food microbiology will be summarized, focusing on the DGGE technique. Examples of how this approach is useful to obtain a better understanding of microbial diversity are reported for several kinds of fermented food, such as fermented sausage, cheese and wine. The future of culture independent methods in food microbiology, with the increasing availability of next generation sequencing techniques, is also discussed.
Introduction
The last 30 years have been characterized by a significant change in the approaches used for the microbiological examination of food. The invention of PCR (Mullis et al., 1986 ) has led to new strategies to study food-borne microorganisms. Although, in the past, synthetic media, which were used to cultivate microorganisms, were the only way of conducting a microbiological analysis of food, with the arrival of PCR it has become possible to investigate microorganisms without any cultivation. In its early stages in food microbiology, PCR was mainly used as a detection method (Rossen et al., 1991) . At the end of the 90s, a number of techniques were developed and, coupled with PCR, these techniques offered scientists the possibility of studying the ecology of complex microbial ecosystems. In this context, the term "culture-independent techniques" was coined. This term indicates the use of methods that are not based on cultivation to study microorganisms in a specific ecosystem. Undoubtedly, culture-independent methods offer a number of advantages over culture-dependent methods. Microorganisms are studied not because they are able to grow on a specific microbiological medium, but because they possess DNA, RNA and proteins, which are the preferred targets for such approaches. Moreover, the physiological status of the microbial cell does not affect the outcome of the investigation. In traditional microbiological examinations, cells that are stressed and injured are often not able to grow on synthetic media that contain agents, such as antibiotics, to make them selective towards a specific microorganism, and this can lead to false-negative results. Finally, populations that are numerically less important are not detected by means of traditional methods, because they are masked on the plates. Most of these issues can be solved by culture-independent methods (Cocolin and Ercolini, 2008) .
The introduction of culture-independent methods allowed scientists to understand the limitation of microbial cultivation and, in 1998, Hugenholtz et al. published a paper in which it was stated that "our knowledge of the extent and character of microbial diversity has been limited, however, by reliance on the study of cultivated microorganisms. It is estimated that >99% of microorganisms observable in nature typically are not cultivated by using standard techniques". Such evidence encouraged researchers to use culture independent methods in different fields of microbiology. In food microbiology, the late 90s-early 20s represents a key period for the application of these approaches and the first papers, dealing with International Journal of Food Microbiology 167 (2013) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] the study of microbial ecology of fermented foods, started to appear in scientific journals. One of the aspects that was immediately highlighted by these pioneer studies was the presence of non culturable populations in food systems, and these outcomes were in agreement with results obtained in other branches of microbiology, such as environmental and intestinal microbiology. Since they had never been detected by traditional methods, these populations were described for the first time by culture independent methods. This state, defined as viable but not culturable (VBNC), was defined by Oliver (1993) as "a cell which is metabolically active, while being incapable of undergoing the cellular division required for growth in or on a medium normally supporting growth of that cell", can be considered as a survival strategy and response to adverse environmental conditions (e.g. starvation or acid stress) (Rowan, 2004 ) that can easily be found in food fermentation and processing. The VBNC state is of concern when associated to food-borne pathogens, because there is a general lack of knowledge on the risks from VBNC cells. It cannot be assumed that such cells will not emerge from this state after entering the human body and cause disease. Moreover, a possible impact in food fermentation can be considered if the VBNC cells are responsible for biochemical activities involved in the formation of the final characteristics of the product.
In the field of food microbiology, culture-independent techniques, used as tools to profile microbial ecosystems, have been used more in the food fermentation and food spoilage fields, although, in a few cases, they have also been exploited to study the ecology of food-borne pathogens (Cocolin et al., 2002b; Cocolin and Comi, 2005) .
Culture-independent methods used in food microbiology
Most of the techniques used for culture independent analysis are PCR-based. After amplification of the nucleic acids extracted directly from the food matrix, the PCR product is subjected to specific analyses that are able to highlight differences in the amplified DNA sequences.
One of the most important aspects that should be considered, in order to properly profile microbial populations in food ecosystems, is the selection of the DNA region that has to be amplified. The target gene has to have two basic characteristics: (i) it should be present in all members of the microbial group that is under consideration, (ii) it should have conserved regions, in which universal primers can be designed, and variable regions, in which differentiation is possible. Genes encoding for ribosomal RNA (rRNA) fall into this category. Various regions of the 16S rRNA coding gene have been used in bacteria, while the 26S rRNA coding gene is commonly the target in yeasts. One important advantage of the use of these two genes is that large sequence databases exist. On the other hand, one drawback of the use of rRNA coding genes is the inherent sequence heterogeneity within the same species, which is the result of multi-copies of the genes with small differences in the sequence (Fogel et al., 1999) . These multi-copies often result in multi-signals, which complicate the analysis. The rpoB gene, encoding for the β-subunit of the RNA polymerase, has been proposed as an alternative, but its application is still limited (Dahllof et al., 2000; Rantsiou et al., 2004) .
In post amplification analysis, the goal is to detect DNA sequence heterogeneity. Such a goal is reached using denaturing/temperature gradient gel electrophoresis (D/TGGE) and single strand conformation polymorphism (SSCP) through the study of the electrophoretic mobility of completely or partially denatured PCR products, respectively, or by using restriction endonucleases in terminal restriction fragment length polymorphism (TRFLP). D/TGGE consists of an electrophoretic separation of PCR products in a polyacrylamide gel containing a gradient of chemical (urea and formamide in DGGE) or physical (temperature in TGGE) denaturants. As the DNA molecule encounters the appropriate denaturant gradient, a sequence-dependent, partial denaturation of the double strand occurs. This change in the conformation of the DNA structure causes a reduced migration rate of the molecule. When the method is used for microbial profiling, after amplification, the complex mixture of the DNA molecules can be differentiated and characterized. Bands visible in D/TGGE gels represent components of the microbiota. They can be excised and, after re-amplification, can be sequenced in order to obtain the corresponding microbial species. Using these methods, it is possible not only to profile the microbial populations, but also to follow their dynamics over time. It should be noted that these methods are not quantitative (Ercolini, 2004) .
In the case of SSCP, the differentiation is based on the mobility of single strands of DNA. Small changes in the sequence can be detected because the single strand may create intrastrand base pairing, which results in loops and folds that give the single strand a unique 3D structure, and this affects its mobility through a gel. In SSCP analysis, the amplified product is denatured to a single-stranded form and subjected to non-denaturing polyacrylamide gel electrophoresis. In the last few years, SSCP methods have been based on amplification with fluorescein-labelled primers and detection of the signals by fluorescence. When SSCP is used to profile a complex microbial ecosystem, a robust database should be created in order to be able to identify each single component by comparing the retention time of each signal with a reference time in the database. If matching does not occur, identification cannot be obtained (Hayashi, 1992) .
Finally, in T-RFLP, one of the PCR primers is labelled with fluorescent dye and used to amplify a selected region of a gene of interest by means of PCR. The resulting PCR fragment is digested with one (or more) restriction endonuclease(s) and the resulting fragments are separated by means of an automated DNA analyzer. Microbial diversity in a community can be estimated by analysing the number and peak heights of patterns. T-RFLP is an effective tool for characterizing the dynamic changes that occur in complex microbial ecosystems over time. However, the technique is best suited for microbial communities with low to intermediate richness (Sibley et al., 2012) .
These PCR-based assays all suffer from amplification bias. Appropriate primer selection is essential, but it must be noted that a perfect universal primer set does not exist for community profiling. Usually they are reproducible, however low number populations signals may not always be detected if multiple runs of the same sample are carried out. Regarding the sensitivity it has been recognized that these methods are able to detect as low as 1% of the total community, however this limit depends on the composition of the microbial ecosystem and on the detection strategy (gel based or by using fluorescent dyes in capillary electrophoresis). For DGGE analysis the limit of detection has been described to be about 10 3 colony forming units (cfu)/ml or g (Cocolin et al., 2001a (Cocolin et al., , 2001b . Among the culture-independent methods, one of the few that do not rely on PCR amplification is fluorescence in situ hybridization (FISH). This technique is based on the hybridization of fluoresceinlabelled probes to specific sequences of the rRNA. Target cells are immobilized on a microscope glass and then subjected to a permeabilization step in order to allow the probe to penetrate into the cell. After hybridization, the results are visualized under a UV microscope (Bottari et al., 2006) . FISH has not been used intensively in food microbiology, although it has the great potential of being able to localize microbial populations in a solid food matrix (Ercolini et al., 2003) .
Considering the wide application of DGGE and its extensive literature in the field of food microbiology, this review will be focused on this method.
3. DGGE applications in food microbiology: a temporal evolution As reported above, DGGE is the culture-independent technique that has been used most often in food microbiology. The first paper to exploit the potential of DGGE, by Muyzer et al., was published in 1993. They investigated the microbial ecology of mats taken from different depths and bacterial biofilms isolated from aerobic and anaerobic wastewater treatment reactors. Only in the late 90s, was DGGE introduced into food microbiology and since then an extensive number of studies, exploiting DGGE as a method to profile microbial ecology in food, have been reported (Table 1) . It is interesting to note that DGGE has been applied to all areas of food microbiology, such as food fermentation, food spoilage and food safety, the former being the richest in terms of scientific literature. DGGE is most suitable for the study of the microbial ecology of spontaneous fermentations. Wine, meat and meat products, milk and dairy products are the most frequently studied kinds of food, both in terms of fermentation and spoilage processes, while sourdough and vegetables have been investigated to a lesser extent using culture-independent methods. DGGE has been the subject of several review papers, some of which have focused on its general aspects and applications (Ercolini, 2004) , while others have dealt with specific reviews in the dairy sector (Jany and Barbier, 2008; Quigley et al., 2011) , meat fermentations (Rantsiou and Cocolin, 2006; Cocolin et al., 2011b) , grape surface in relation to wine production (Barata et al., 2012) , wine and beer fermentation (Cocolin et al., 2011a; Bokulich et al., 2012) and spoilage of meat (Doulgeraki et al., 2012) .
A search conducted in Scopus (www.scopus.com) in December 2012, using DGGE and food as keywords, resulted in more than 400 hits, with the first one dating back to 1999 (Ampe et al., 1999) . The trend presented in Fig. 1 has been obtained considering the number of papers published each year, from 1998 up to now. As it can be observed, three time spans can be distinguished. Period 1, from the late 90s to 2004, is characterized by a slight, but steady increase in the number of papers published. This is followed by the second period, from 2005 to 2008, in which the studies exploiting DGGE almost triplicate in just 4 years. The number of DGGE papers reaches a peak in the third period (2009-present) , in 2010, after which a decrease can be observed.
Analysing the temporal evolution of the use of DGGE in food microbiology, it is worth noticing that a correlation exists between the subjects considered in the papers and their distribution in the three time spans described above. In the first years of application, DGGE was mostly used to study well established food fermentations in industrialized countries. Fermented sausage (Cocolin et al., 2001a) , cheese (Ercolini et al., 2001 ) and wine (Cocolin et al., 2001b) were the first products to be investigated, although studies focusing on the ecology of Mexican pozol (Ampe et al., 1999; Ben Omar and Ampe, 2000) were also published. The portfolio of food investigated by means of DGGE expanded in the following years, when studies on sourdough (Meroth et al., 2003a) , whisky (van Beek and Priest, 2002) and raw milk ecology became available.
A remarkable increase in the number of DGGE papers can be observed for the following time period. This could be correlated to an intensification of the studies on the fermented products described above (especially fermented sausage and cheese), but also to the exploitation of DGGE to follow the dynamic changes that occur during food spoilage. The first examples of DGGE application to investigate spoilage organisms date back to 2004, when two papers, one focusing on the late blowing of cheese (Cocolin et al., 2004a) and the other on fresh sausage storage at refrigeration temperatures (Cocolin et al., 2004b) were published. An important contribution to the increasing trend of DGGE papers in this period was given by the spoilage studies from 2006, when, for the first time, DGGE was applied to investigate the microbiota of fresh meat during refrigerated storage under different packaging conditions .
The growing trend observed in Fig. 1 until 2010 could be due to the increase in studies in which DGGE was used as a tool to study the ecology of different kinds of fermented food from the ones described above. Kimchi (Lee et al., 2005) and cocoa (Nielsen et al., 2005) were among the first products to be investigated, and these have been followed in recent years by soybean-based foods (Kim et al., 2009 (Kim et al., , 2010a (Kim et al., , 2010b Park et al., 2009; Lee et al., 2010) . The decrease in the number of studies should be considered carefully, and it is necessary to consider that information related to the 2012 papers will only become available at the beginning of 2013.
What have we learnt from the application of DGGE in food microbiology?
The results obtained by applying DGGE as a culture-independent method to food fermentation have generally confirmed previous knowledge obtained through traditional microbiological methods. Members of lactic acid bacteria (LAB) were found to be the main microorganisms active in food fermentation, but also involved in spoilage processes together with Pseudomonas spp. and Enterobacteriaceae (Table 1) . From this point of view, the novelties introduced by the application of DGGE are related not so much to the discovery of new microbial species, but to a new way of globally investigating the ecology of food during microbial transformations.
DNA versus RNA DGGE analysis
One of the potentials of DGGE is that it offers the possibility of performing ecological studies that target both nucleic acids, that is, DNA and RNA. It should be underlined that these two molecules have completely different biological meanings, since DNA contains hereditary messages, and RNA has a direct involvement in its translation into proteins. Moreover, DNA shows remarkable stability in the environment, as can be seen from the recovery of DNA, and the successful amplification by PCR, from archaeological and paleontological samples, which can be thousands of years old (Landweber, 1999) , while RNA, and more specifically messenger RNA (mRNA), persists for short periods of time in actively growing bacteria cells, with an average half-life measured in minutes (Arraiano et al., 1998) . Studying the DNA of a microbial ecosystem in ecological studies allows the microbial ecology and diversity to be defined, while RNA analysis is able to better highlight the microbial populations that are metabolically active, and thereby contribute to the microbial process. Since the number of intact ribosomes approximately reflects the rate of protein synthesis, ribosomal RNA (rRNA) can be used as a marker for general metabolic activity (Gosalbes et al., 2011) , although it must be accepted that these molecules are characterized by a much higher level of protection, than mRNA (sometimes even weeks). Another strategy to detect viable population is the use of ethidium monoazide (EMA) and propidium monoazide (PMA), DNA-intercalating agents able to selectively penetrate the membranes of dead cells and form stable DNA monoadducts upon photolysis, resulting in DNA which cannot be amplified by PCR. While this approach has been frequently used to differential live and dead cells of pathogenic microorganims (Rudi et al., 2005) , its perfromances in complex microbial ecosystems has not been tested.
RNA has not been used extensively in DGGE studies, but, when targeted, it has allowed some new evidence to be highlighted, especially in food fermentation. In dairy fermentation, the differentiation between starter LAB (SLAB), mainly Lactococcus spp., Streptococcus thermophilus and several Lactobacillus spp., and non-starter LAB (NSLAB), belonging to Lactobacillus spp., Leuconostoc spp. and Pediococcus spp. (Fox et al., 2004) , is generally scientifically accepted. The former are responsible for the acidification of milk and curd in the early stages of cheese manufacturing, while NSLAB are considered as secondary microbiota, associated with the organoleptic development of cheese during ripening. Studies conducted on different types of cheese Rantsiou et al., 2008) have confirmed this switch in LAB populations through traditional methods. However, they have also highlighted the presence of stable signals of L. lactic and S. thermophilus at an RNA level in the late stages of ripening. This new information leads to the conclusion that SLAB are not only involved in the acidification process and in the proteolysis that results from their production of proteolytic enzymes, but may also play a role in the development of the organoleptic characteristics of cheese during the ripening period. Recently, it has been demonstrated that, during ripening, L. lactis may be involved in several pathways, such as carbohydrate and amino acids metabolisms, protein degradation and lipolysis (Desfossés-Foucault, 2012) . Apart from the detection of a metabolically active population, RNA targeted DGGE has recently shown another advantage, compared to DGGE, when analyzing DNA. In a study performed by Dolci et al. (2013) on the surface microbiota of Fontina, a smear cheese from the Aosta Valley region, North Italy, it was noticed that when subjected to an image analysis, the DGGE profiles obtained from the RNA extracted from the surface of the cheese, were clustering apart from the respective DNA samples. This result allowed the authors to speculate that RNA molecules may be a better target to describe the microbial ecology of complex microbial ecosystems, such as the rind of smear cheeses. This evidence could be due to the high number of ribosomes that metabolically active cells possess. In these circumstances, the PCR amplification should also be able to pick out microbial populations that are numerically low, but metabolically active, and should allow their specific signals to be detected in the DGGE gels. This outcome has also recently been described for table olive fermentation (Cocolin 2012, personal communication) .
DGGE is a useful tool to assess product-specific microbial biodiversity
Food fermentations are microbial transformations in which a large number of microorganisms, belonging to different species and genera, compete to establish their supremacy. DGGE has been demonstrated to be able to follow the dynamic changes that occur during food fermentation and highlight dominant microbial populations. Its potential has been demonstrated by Cocolin et al. (2007) in a study in which an optimization of the DGGE procedures was carried out to study different sets of primers that are often used in DGGE analysis, denaturing gradients and electrophoretic conditions. When the optimized protocol was applied to fresh and ripened meat as well as dairy products, the ecological pressure exerted by certain microbial groups, namely LAB, during the fermentation process, became evident. The fresh produce was characterized by higher biodiversity, as observed from the complex patterns, while ripened products presented just a few bands, corresponding to the species that were able to dominate the microbial ecosystem. In the specific sector of meat fermentation, the main products that were investigated by DGGE were sausages from Italy, Argentina and Portugal (Table 1) . LAB and coagulase negative cocci (CNC) are the main microbial groups responsible for fermentation and transformation, and this evidence was confirmed through an analysis of the DGGE profiles obtained in the above-mentioned studies. However, it should be noted that microbial competition occurs in the very early stages of Fig. 1 . Trend in the publication of papers using DGGE as culture-independent method. The data were obtained from the Scopus database (www.scopus.com) in December 2012, using the keywords "DGGE and food".
fermentation, since, as demonstrated by Cocolin et al. (2001a) , already at the third day, the signals of Lb. sakei and Lb. curvatus, the main species involved in sausage fermentation, became predominant. In studies conducted on fermented sausage ecology it has often been highlighted how DGGE profiles could be used to differentiate products from different geographic regions and production plants. This result was obtained for Argentinian sausages (Fontana et al., 2005a) , and also for sausages produced in North-East Italy (Rantsiou et al., 2005) . More specifically, in the latter study, the microbial changes that occurred during fermentations of the three products, with a ripening period of 28, 45 and 120 days, respectively, were investigated. Through a cluster analysis of the DGGE profiles, it was demonstrated that sausages at the beginning of the fermentation (from 3 to 7 days) present DGGE patterns that do not show any similarity with other samples, while from day 10 onwards the different types of sausages started to group together in a product-specific clustering manner.
DGGE analysis highlights hidden populations
As already mentioned above, one of the main criticisms that is currently directed towards traditional microbiological methods concerns the impossibility of detecting microorganisms in low numbers in complex ecosystems with dominant populations. DGGE has partially overcome this limitation, having a limit of detection of about 10 3 cfu/ml or g (Cocolin et al., 2001a (Cocolin et al., , 2001b . In several food fermentation sectors, the DGGE technique has been able to highlight populations that may have an important impact on the final characteristics of the product, but which were not well described by means of traditional methods. An interesting example, in this context, is the application of DGGE to wine fermentation. The ecology of wine yeasts has been the focus of a large amount of literature, starting from the 80s, which has indicated Saccharomyces cerevisiae as the main responsible for alcoholic fermentation (Fleet and Heard, 1993) , which is able to dominate over other yeast species, collectively called non-Saccharomyces. This last group is usually of concern in the wine making sector, since it contains yeasts that are detrimental to the quality of wine. There is scientific consensus on the capability of S. cerevisiae to take over the wine fermentation process. However, the role of non-Saccharomyces is still under debate. The use of DGGE during wine fermentation has often demonstrated an active participation of non-Saccharomyces yeasts in the fermentation process, and their persistence is longer than what was previously believed. Ecological studies on a sweet wine produced in California (USA), called Dolce, produced from botrytized grapes, highlighted multiple bands in DGGE profiles that, after sequencing, were identified as putative Candida stellata. These bands were present from the very beginning of the fermentation and remained stable throughout the fermentation process (Cocolin et al., 2001b) . In another study conducted the following year (Mills et al., 2002) , the active participation of this Candida sp. was confirmed and it was demonstrated, by RNA dot blot analysis, that viable populations of at least 10 6 cfu/ml were present at the end of the fermentation. This species was classified as a new member of the Candida genus and it was given the name C. zemplinina by Sipiczki in 2003 and it is nowadays considered as a possible fermentation partner of S. cerevisiae in mixed fermentations to reduce the acetic acid content in sweet wines (Rantsiou et al., 2012) . The concept of mixed fermentations is not new in wine making, however the results obtained by means of culture-independent methods support the idea of exploiting some positive contributions of non-Saccharomyces yeasts to obtain wines with more complex organoleptic profiles.
Conclusions and future perspective
The application of culture-independent methods to food microbiology is relatively new and the last 15 years have been particularly exciting for those working in the field of microbial food ecology. For the first time in the history of microbiological food examination, scientists have had methods at hand that do not rely on cultivation, and which are able to study microbial populations that had not been detected previously on synthetic media, because they had been overgrown with the dominant microbiota, or because they had been in VBNC states. DGGE, as the most representative technique in this context, has been used extensively and a large amount of literature has been written for different types of fermented food and for food spoilage processes.
The last couple of years have seen the introduction of new methodologies in microbial food ecology and these are expected to increase in number over the next few years. Next generation sequencing (NGS) has a great advantage over DGGE. In the latter case, only intense and well separated bands can be sequenced in the profiles, and as a consequence, only a partial fraction of the microbiota in that specific food sample can be assessed and identified, but with NGS a massive quantity of sequences are generated from a single sequencing run, and the analysis of this run offers the possibility of obtaining a large amount of information in a relatively short time. When applied to microbial ecology studies, NGS makes it possible to determine how many reads of different operational taxonomic units (OTUs) occur in a template and therefore to have an estimation of the percent of occurrence of different OTUs in a specific ecosystem. This modern molecular approach has been used in the field of applied food microbiology to study the ecology of pearl millet slurries (Humblot and Guyot, 2009) , the microbiota of different kinds of cheese (Alegría et al., 2012; Quigley et al., 2012; Masoud et al., 2011) , the microbial diversity of Brazilian kefir grains (Leite et al., 2012) and the fermentation dynamics of different Asian foods (Nam et al., 2012a,b; Park et al., 2012) . However, NGS offers the even more interesting possibility of studying the occurrence and abundance of microbial genes in a given ecosystem and of establishing how these genes are expressed. Metagenomic and metatranscriptomic studies represent the future for the study of the microbial ecology of food. In a few years, detailed data on the ecology of microbial transformations in food will become available, allowing scientists to fully comprehend the role and impact of specific microorganisms in defined food sectors. It is expected that new information will become available which will be used to improve food quality and safety.
